European sturgeon Acipenser sturio is an anadromous fish species being classified Bcritically endangered^with only one remaining population in the Gironde-Garonne-Dordogne basin (France). In the global warming context, this paper aims to determine the sensitivity of A. sturio early life phases to temperature and oxygen saturation. Embryos were experimentally exposed to a combination of temperature (12 to 30°C) and oxygen (30 to 90% O 2 saturation) conditions. Lethal and sublethal effects were evaluated using embryonic mortality, hatching success, malformation rate, yolk sac resorption, tissue development and swimming speed. Embryonic survival peaked at 20°C and no survival was recorded at 30°C regardless of the associated oxygen saturation. No hatching occurred at 50% O 2 sat or below regardless of temperature. Malformation frequency appeared to be minimum at 20°C and 90% O 2 sat. Swimming speed peaked at 16°C. The temperature optimum of early life phases of A. sturio was determined to be close to 20°C. Its upper tolerance limit is between 26 and 30°C and its lower tolerance limit is below 12°C. Oxygen depletion induces sublethal effects at 70% O 2 sat and lethal effects at 50% O 2 sat. Within the spawning period in the Gironde-Garonne-Dordogne basin, we identified yearly favourable oxythermal windows. Consequences of climate change would depend of the phenological adaptation of the species for its spawning period.
Introduction
From the beginning of the twentieth century, the European sturgeon Acipenser sturio populations have been in sharp decline due to a combination of anthropogenic pressures, notably overfishing and habitat destruction (Rochard et al. 1990) .
Nowadays, the only remaining population of European sturgeon inhabits the Gironde-Garonne-Dordogne (GGD) basin in southwest France (Lassalle et al. 2010; Williot and Castelnaud 2011) . This species is strictly protected and listed in many conventions and European directives (Rochard 2011) and National action plans were set up in France and Germany following a European action plan (Rosenthal et al. 2007 ). The last evidence of natural reproduction in the GGD basin was observed in 1994 (Rochard et al. 2001) . A captive brood stock was established at the Saint Seurin-sur-l'Isle research station from adults and juveniles captured in the wild, and individuals from assisted reproduction. Since 1995, over 1.7 million juveniles and larvae have been produced and subsequently released into the Garonne and Dordogne rivers to support the wild population. Depending on their life period, European sturgeons are encountered across the Gironde Estuary, the Bay of Biscay and the North Sea (Rochard et al. 1997; Lepage and Rochard 2011) . It is generally expected that upon reaching maturity, they will return to their native catchment to breed and spawn (Acolas et al. 2011) .
We have studied the physical characteristics of potential spawning grounds for A. sturio in the GGD basin (Jego et al. 2002) , but as in most of the European basins, the environmental conditions have changed during recent decades. Especially, the summer average surface water temperature have increased by 2.9°C in Garonne between 1978 and 2005 (Larnier et al. 2010 , and hypoxic events have been recently recorded in the Garonne tidal river part (Lanoux et al. 2013) . These trends are expected to continue in the future (Caballero et al. 2007; Rabalais et al. 2010; IPCC 2013) .
According to Magnin (1962) , the potential spawning period of A. sturio in the GGD basin extended from May to June. At this period of the year, the temperature of the water column near potential spawning zones ranged from 10.2 to 28.2°C and oxygen saturation ranged from 44.5 to 111.4% O 2 sat (Table 1) . During the spawning season, PH at the spawning grounds varies rapidly within a wide range depending on the variation of the river flow from tributaries with different physicochemical characteristics. From our records (2014) (2015) (2016) , minimum, median and maximum values were respectively 5.5, 7.6 and 8.7.
It is well documented that elevated temperatures can induce ontogenesis impairment in fish (Johnston et al. 2009; Kieffer et al. 2011) leading to developmental defects (Lo et al. 2011) . It can also impair physiological performances (Gisbert et al. 2002; Hassell et al. 2008b ), behaviour (Dalla Via et al. 1998 and even survival (Hassell et al. 2008b) . Hypoxia can also affect fish survival and fitness at several developmental phases (Clark et al. 2013; Kappenman et al. 2013 ). These adverse effects may include developmental abnormalities and reduced hatching success (Hassell et al. 2008a; Lo et al. 2011) , changes in space utilisation (Abe and Sakamoto 2011) , reduced antipredator behaviour efficiency (Lefrançois and Domenici 2006; Domenici et al. 2007 ) and induction of DNA damage (Mustafa et al. 2011) .
Early life stages of European sturgeon could experience such fluctuations in temperature and dissolved oxygen during their utilisation of the GGD catchment. A preliminary study has shown that for A. sturio, the embryo-larval phase is more sensitive to high temperatures than 3-month-old juveniles (Delage et al. 2014) . We observed a drastic decrease in hatching rate for embryos reared at 26°C compared to individuals exposed to 20°C. From an ecological point of view, determining thermal tolerance (upper and lower temperature thresholds) is useful in identifying the distribution of a given species and predicting its possibility of local thermal adaptation (Pörtner 2001; Elliott and Elliott 2010) . There is still a lack of knowledge about the combined effects of high temperatures and low levels of dissolved oxygen in the context of global warming.
Metabolism evaluation and bioenergetic analysis provide a unique insight into individual status under physiological stress (Fry 1971) . At the embryo-larval stage, respirometric analyses give an opportunity to simultaneously evaluate the cost of development and organogenesis (Gisbert et al. 2002; Mueller et al. 2011) . Aerobic metabolism is also closely related to behavioural performances such as antipredator and swimming behaviour (Killen et al. 2015) . For example, maximum speed, acceleration and behavioural consistency increase under optimal environmental conditions (Claireaux and Lefrançois 2007) . On the other hand, biotic or abiotic stress can impair the relationship between physiological traits and associated behaviour (Killen et al. 2013) .
From numerous works, it appears that performances of individual are supported by aerobic scope, defining thermal windows (Pörtner 2001; Clark et al. 2013) . Whatever the real shape of the relationship (Clark et al. 2013) , we observe a decrease in performance the further we are from the optimum temperature. The width of this thermal window depends on species and is generally narrower for embryos and larvae than for juveniles (Pörtner and Farrell 2008) . From the oxygen-and capacity-limited thermal tolerance (OCLTT) hypothesis, the optimal temperature corresponds to the maximum aerobic scope (Pörtner and Farrell 2008; Clark et al. 2013 ).
As we work on embryos and larvae, most of the precautions to be taken to identify a sound M O2 cannot be met (e.g. using the same individuals for the measures in the different conditions; acclimate them during several days before the (Clark et al. 2013) . For this reason, we propose not to focus only on M O2 but to identify the optimal temperature and dissolved oxygen conditions through a combination of biological (survival, hatching rate), metabolic (oxygen consumption), behavioural (swimming speed) and developmental (kinetic and abnormalities) indicators. Using these indicators, we propose a combined integrated criterion to determine a compromise optimal temperature and oxygen ranges for the development and survival of early phases of European sturgeon. This criterion would help us to better estimate the suitability of the GGD basin for the development of young European sturgeons. According to Pörtner (2001; Pörtner and Farrell 2008) , when assessing the environmental sustainability of an organism, it is essential to define thresholds for the maximum capacity range in aerobiosis (called critical temperatures) and the tolerance range (within the limits of performance called pejus temperatures).
Materials and methods

Embryo collection and conditions of exposure
Exposure conditions were designed to replicate the range of temperature and oxygen concentrations found in the lower part of the GGD (see Table 1 ). Temperatures tested ranged from 12 to 30°C (12°C, 16°C, 20°C, 23°C, 26°C, 30°C). Dissolved oxygen saturation tested ranged from 30 to 90% O 2 sat (30, 50, 70 and 90% O 2 sat). Dechlorinated tap water was used during the experiment with a 20% volume renewal per day.
Embryos and larvae were monitored using the purposebuilt exposure system for European sturgeon described in Delage et al. (2014) . In each experiment, two parental origins were used in order to prevent putative parental effects. After fertilisation (Delage et al. 2014) , the water temperature was gradually modified (1°C per hour) from 18°C to reach the targeted exposure temperature within 2 to 12 h. Around 150 embryos per replicate were exposed to exposure conditions until yolk sac resorption (between 9 and 21 days depending on incubation temperature). Once the exposure temperature was reached, hypoxia exposure gradually started to reach the targeted O 2 level. Oxygen depletion lasted 48 h. The oxygen level was then increased back to 90% O 2 sat. Temperature and oxygen saturation were checked and recorded every 2 min over the course of the experiment using a parameter control and recorder unit (SOFREL, S550; LACROIX, Vern sur Seiche, France). A 12-h darkness and 12-h light cycle was used. The pH was maintained around a median value of 7.76 (min = 5.83, max = 8.18).
Embryo-larval assay
Mean embryo viability was evaluated for each condition and each genetic cross. Dead embryos and larvae were counted and removed twice a day (morning and evening) in order to assess mortality. Mortality during the first day of the experiment was not taken into account since it may be due to handling and unfertilized oocytes. Hatching rate (HR) in each incubator was recorded every 2 h from the first hatching event and up to 12 h after the last one.
Gross malformations were recorded in eleutheroembryos (yolk-sac larvae at 2 days post hatch) using binocular microscopy (Olympus ZX12). Three types of malformation were distinguished: oedema, skeletal axis deformations and heart malformations.
In addition, 39 yolk-sac larvae, from all conditions, were fixed in 4% formalin for at least 24 h for a histopathological evaluation and 39 others for assessment of chondrous tissue development.
For histopathological evaluation, samples were dehydrated in graded ethanol solutions and embedded in paraffin. The principles of step sectioning have already been published for zebrafish (Spitsbergen et al. 2000) . For the present study, serial sagittal step sections were cut from the left side of the larvae. Four-step sections from each larva were mounted on glass slides, one from eye anterior chamber level, one from eye posterior chamber level, one just medial to the eye and one at the midline. Sections were routinely stained with haematoxylin-eosin-saffron (HES). All lesions were recorded by a skilled pathologist. The area of the yolk sac was measured on the midline section using a digital camera combined with a dedicated software (Nikon Imaging Software, Nikon, Badhoevedorp, The Netherlands).
Chondrous tissue development was assessed using the alcian blue-alizarin red double staining technique (Darias et al. 2010) . Briefly, whole larval carcasses were first immersed in Alcian blue (Sigma, Saint Quentin Fallavier, France) for cartilage staining for 30 min, before neutralisation for 3 min with a solution of 1% KOH in ethanol. After rehydration, 1 volume 3% H2O2 and 9 volumes 1% KOH were used to bleach larvae for 25 min. After clearing in 30% sodium borate with 1 g trypsin (Sigma) for 20 h, calcification centres were stained with alizarin red (Sigma) for 1 h. The larvae were dehydrated and preserved in 100% glycerol. Gross abnormalities were recorded and individual chondral development was evaluated using a cumulative score (e.g. Shields et al. 1997; Kovacs et al. 2002) reflecting alcian blue-positive tissues in jaw, skull, vertebral axis, pectoral and dorsal fins.
Semi-quantitative evaluation of tissue development for post hatch larvae was performed for skin, gill, liver and yolk sac. For skin, individual score was determined upon chromophorous cell presentation as follows: 0 = cellular body, 1 = cytoplasmic processes, 2 = epidermal pigmentation. For gill, individual score was determined as follows: 0 = no lamellae, 1 = sprouting, 2 = mature lamellae. For liver, individual score was determined upon sinusoid capillary presentation as follows: 0 = blood capillary dilatation (also known as peliosis), 1 = mature vascularisation. For yolk sac, individual score was determined upon epithelium presentation as follows: 0 = pavimentous epithelium, 1 = cubic epithelium, 2 = cubic to columnar epithelium with epithelial folds. An individual composite index of tissue development expressed in percentage was then calculated as the ratio between the sum of skin, gill, liver and yolk sac scores and the maximal total score.
Larval spontaneous swimming behaviour was evaluated using Ethovision®9 software (Noldus). Individual larvae were placed in Petri dishes of 10 cm diameter filled with rearing water on an infrared light floor. Experiments were performed at rearing temperature. An infrared camera (Ikegami ®) was placed above the equipment. Ten individuals per replicate were tested simultaneously. The room light was switched off 1 h before the beginning of the test to allow larvae to acclimatise. Video recording lasted 20 min in darkness and mean speed was measured every 30 s.
Aerobic metabolism was measured using routine metabolic rate (RMR). The respirometric chamber (Qubit system, G113 cylindrical chamber, Canada) containing system is composed with an enclosed chamber filled with 10 larvae. The respirometric chamber can be filled with water through two valves using a peristaltic pump (Qubit system, PP300, Canada). Eight respirometric chambers operated simultaneously throughout the experiment. Oxygen saturation in each system was recorded using fibre-optic needle-type sensor (Qubit system, Canada). A water current, around 2 cm/s, was establish in the respirometer chambers to enforce larvae to swim. In closed circuit condition, there is no water renewal, enabling to measure the oxygen consumption by organisms. In an open circuit condition, water is renewed to reestablish initial oxygen conditions. Individuals were acclimatised during 1 h in darkness and at rearing temperature before their oxygen consumption was measured (Gisbert et al. 2002; Mueller et al. 2011) . Oxygen consumption was recorded during five periods of 5 min in closed circuit condition (Mueller et al. 2011) . Oxygen saturation never decreases under 80% O 2 sat during the recording period. At the end of the test, fish were removed and a last recording was performed to evaluate micro-organism oxygen consumption in each chamber. Each individual fish was weighed and measured at the end of the experiment.
Statistical analysis
Statistical analysis was performed using the R software 1 (R foundation for Statistical Computing, Vienna, Austria). Replicated conditions were considered as independent experiments. Data normality was checked using the Shapiro-Wilk test and equality of variance was verified using the Bartlett test. In the case of a normal distribution of data and equality of variance, an analysis of variance was performed (ANOVA) followed by a Tukey post hoc test. When one of these criteria was not fulfilled, a non-parametric Kruskal-Wallis test was performed, followed by a Wilcoxon test for the embryolarval experiment. Putative effects of parental origins were tested using the same method.
Results
Acute effects
An ANOVA test showed statistical differences in embryonic survival between temperature conditions (p value < 0.01) and between oxygen conditions (p value < 0.01) allowing to establish two groups, one exposed to 50 and 30% O 2 sat with very low survival (0-5%) and the other one exposed to 70 and 90% O 2 sat with higher survival (mean 24.5%) (Fig. 1) . In normoxia, maximum survival rate of embryos was observed at 20°C, and lethal high temperature was 30°C. The survival shape is similar at 70% O 2 sat, with a lethal high temperature observed at 26°C. In our experiment, 30% and 50% O 2 sat Environ Sci Pollut Res (2020) 27:3651-3660 were lethal conditions for embryos. We did not detect any statistical difference in the survival rate of larvae exposed at 12 and 23°C in both 70% and 90% O 2 sat. The survival rate was significantly lower at 26°C and 90% O 2 sat. We did not observe any embryonic survival at 26°C and 70% O 2 sat.
The general shape of the oxythermal relationship is unimodal. In terms of temperature, the best hatching rate (Fig. 2) was observed at 20°C, while in terms of dissolved oxygen content, the hatching rate peaked at 90% O 2 sat. The best combination (20°C, 90% O 2 sat) led to a hatching rate of 60%. No hatching occurred at 30% O 2 sat whatever the temperature conditions tested and at 30°C whatever the oxygen conditions tested. Very few individuals hatched at 50% O 2 sat and 26°C (17 over 900). ANOVA showed statistical differences in hatching rates between the different temperature conditions (p value < 0.01) and the different oxygen conditions tested (p value < 0.01). No significant difference was observed between 90 and 70% O 2 sat within each temperature condition tested (p value > 0.05). For all oxygen conditions, the hatching rate was higher at 16, 20 and 23°C compared to 26 and 30°C. The hatching rate at 12°C (for 90 and 70% O 2 sat) was not statistically different from the other temperature conditions.
Sub-acute effects
A Kruskal-Wallis test performed on malformation rate data (Fig. 3) showed differences close to significance between conditions (p value = 0.063). The minimum level of larval deformities (25.2 ± 4.3%) was observed at 20°C in normoxia. At lower and higher temperatures, we observed a trend towards an increase in frequency and individual score of deformed larvae (up to 81.8% at 12°C and 83.3% at 23°C). At 70% O 2 sat conditions (further called suboptimal condition), no significant difference in malformation rate appeared between temperature conditions. Larval development was first assessed by measuring yolk sac maximal area (yolk-sac larvae at 2 days post hatch) on mid-level sections (Fig. 4 ). An ANOVA test showed statistical differences between temperature conditions (p value < 0.01). The largest areas were observed at 12°C demonstrating a yolk sac malabsorption at this temperature. No significant difference was observed between 90 and 70% O 2 sat within each temperature condition tested.
Chondrous tissue was observed in 2 days post hatch bleached larvae following alcian blue staining. No calcification was detected after alizarin red staining on the same samples (data not shown). The sequence of chondrous deposition was as follows: jaw, eye-orbit, skull, vertebral axis, pectoral and dorsal/anal fins. At 12°C, chondrous tissue was only and irregularly detected in jaws, skull and eye-orbits. For higher temperatures, chondrous tissue was more developed and total number of chondral tissue deposition sites was highest at 23°C (Fig. 5 ).
Serial sections (4 μm thick) of whole larvae were microscopically observed after topographic HES staining. No histopathologic lesion was reported. Tissue development was maximal at 23°C. In all lower temperatures, cutaneous pigmentation, gill lamellae, hepatic vascularisation and yolk sac epithelium displayed some immature features. No significant difference was observed between 90 and 70% O 2 sat within each temperature condition tested.
Routine metabolic rate (RMR) was used to estimate the aerobic metabolic scope of sturgeon larvae (Fig. 6 ). An ANOVA test showed statistical differences between oxygen consumption (MO 2 ) according to temperature (p value < 0.01) and oxygen conditions tested (p value < 0.01). Maximum RMR were recorded at 20°C in normoxia and 16°C at 70% O 2 sat. At 12°C, 16°C and 23°C, no significant difference appeared between normoxic and suboptimal conditions. At 20°C, MO 2 at 70% O 2 sat was significantly lower than MO 2 at 90% O 2 sat condition (p value < 0.01).
Spontaneous swimming speed of larvae was used as a proxy of swimming activity (Fig. 7) . Similar patterns were observed in both suboptimal and normoxic conditions. A Kruskal-Wallis test showed significant differences between temperature conditions at 90% O 2 sat (p value < 0.01) but Fig. 2 Hatching rate (%) of European sturgeon embryos (N = 102). No data were collected for 50 and 30% O2 sat at 12, 16 and 23°C and for 70% O2 sat at not for 70% O 2 sat conditions. A maximum swimming speed was observed at 16°C and 20°C at 90% O 2 sat and minimal swimming activity was recorded at 12°C and 23°C. No significant difference appeared when comparing oxygen conditions for a single temperature except at 20°C where swimming speed was significantly lower in suboptimal than in normoxic conditions (Wilcoxon test, p value < 0.01).
Discussion
This study brings new results regarding the sensitivity of embryos and larvae of European sturgeon to two environmental drivers, temperature and oxygen. A large panel of approaches (ecology, physiology, ethology, ontology, histology) provided a pattern of responses enabling us to identify the best temperature and oxygen conditions for survival and development of early life phases.
Effects of temperature on European sturgeon embryos
In a previous paper (Delage et al. 2014) , we demonstrated that embryos and pro-larvae of European sturgeon are very sensitive phases to temperature as for other fish species (Nicholson et al. 2008; Elshout et al. 2013) . In this work, we enlarged the range of temperature tested and we considered both lethal and sub-acute effects.
From a same situation at t0 and 18°C and a temperature modification of 1°C/h, the target temperatures are reached respectively after 2 h (16°C and 20°C), 5 h (23°C), 6 h (12°C), 8 h (26°C) and 12 h (30°C). We acknowledge that there could be a potential effect, but compared to the duration of the experiment, this delay is limited. Hatching larvae had not the same age but they were at the same phase of development whatever the temperature conditions. For practical reasons, we made most of the observations and tests at 2 days post hatch. And it is possible that at that moment, they were not exactly at the same phase of development. Observed differences resulted partially from the conditions of development before hatching and of the conditions during the 2 days after hatching.
Our results showed that the optimal temperature window of A. sturio embryos and larvae was around 20°C, which is consistent with previous works on those phases based on empirical knowledge . The maximum survival, hatching success and routine metabolism capacities were observed at 20°C. The minimum malformation frequency also occurred at this temperature. Tissue development and yolk sac resorption were maximal at 23°C. Swimming speed showed a maximum value at 16°C and 20°C.
In normoxia, at 30°C, there was no embryo survival, while at 26°C, more than 75% of hatching failure were observed. We thus consider that these conditions are out of the tolerance window of the species. Detlaf et al. (1981 Detlaf et al. ( , 1993 reported experimental evidences demonstrating that the best embryo survival in most Eurasian sturgeon species (no data about A. sturio) was 20°C. According to Wang et al. (1985) , North American sturgeon species spawn in spring between 10 and 18°C. From thresholds described in Pörtner (2001; Pörtner and Farrell 2008; Clark et al. 2013) , and on the basis of our behavioural test results, it can be concluded that the lower pejus temperature (T pI ) for A. sturio embryo-larval phases can be estimated closer to 16 than 20°C. On the basis of the larval tissue development index, the upper pejus temperature (T pII ) was estimated around 23°C. The high critical temperature (T cII ) can be estimated at between 26 and 30°C. Because of the range of temperatures tested, the low critical temperature (T cI ) was not reached. As far as it can be concluded from the results of yolk sac resorption and chondrous development, the T cI can be estimated at around 12°C. These results suggest that European sturgeon early life phases are more tolerant than other Eurasian sturgeon species to high temperatures (Detlaf et al. 1993) 
Effects of hypoxia on European sturgeon embryos
In the present study, the effects of hypoxia on embryos and larvae were clearly observed by a clear decrease in most of the criteria recorded. It is noteworthy that in our experiments below 50% O 2 sat, no hatching was observed whatever the temperature considered. Similar observations were reported in Acanthopagrus butcheri exposed during embryonic phase to 30% O 2 sat (Hassell et al. 2008b ). This could be explained by the fact that oxygen demand during the embryonic phase is low (Gisbert et al. 2002) but very high for hatching. In our experiments, fish were able to withstand to hypoxia up to 70% O 2 sat to ensure survival and routine metabolism. Low oxygen concentration impairs normal development, ultimately leading to mortality (Rombough 1988) and reduced hatching success (Hassell et al. 2008b) . In this study, experimentation was carried but with hypoxia limited to the first 48 h of embryonic development. The results indicate that hypoxia has a delayed effect on hatching success. Indeed, individuals were exposed to hypoxia at early embryonic phase-the point at which development of all structures such as the cardio-vascular and respiratory systems takes place (Burggren and Pinder 1991) . Hypoxia is known to impair such development (Shang and Wu 2004) . Interestingly, in our results, suboptimal condition (70% O 2 sat) had no effect on tissue development and yolk sac resorption of sturgeon larvae. However, our behavioural results highlighted a significantly lower swimming speed at 70% O 2 sat and 20°C. Thus, we can suppose that a higher swimming speed is likely to be expressed in the best oxygen condition for an aerobic species.
Combined effects of temperature and hypoxia on European sturgeon embryos
Results obtained in this study point to the conclusion that the effects of oxygen depletion on European sturgeon embryo development and survival are more pronounced than those caused by variations in temperature except for tissue development and yolk sac resorption. According to Fry (1971) , water temperature and dissolved oxygen availability are factors which limit the active metabolism, thus reducing routine metabolism when moving away from optimum conditions. The effects of hypoxia on aerobic metabolism at embryonic phase could explain the fact that the optimal temperature changes from 20°C in normoxia to 16°C in suboptimal condition. This variation could at least in part be attributed to the fact that 70% O 2 sat at 20°C represents a lower oxygen concentration than the same oxygen saturation at 16°C. European sturgeon embryos exposed to suboptimal conditions (70% O 2 sat) at low temperature (≤ 16°C) may not therefore have been suffering from a lack of oxygen. However, we cannot exclude delayed effects on European sturgeon. In zebrafish (Danio rerio) incubated at 28.5°C and exposed to hypoxia until 96 h post fertilisation (hpf), adaptation to metabolic stress induced a long-term decrease in heart rate (Shang and Wu 2004) .
In the present study, we showed that occurrence of hypoxic events during early life phases, even on a short period of time, induced deleterious effects (survival and hatching success decrease,…) on developing sturgeons, and thus representing an important element in terms of conservation. The threshold of hypoxic effects can be estimated to be around 70% O 2 sat for European sturgeon embryos.
The optimal temperature for routine metabolism would appear to be 20°C in normoxia as opposed to 16°C in individuals exposed to 70% O 2 sat at early life phases in hypoxia. At 16°C, the metabolism of ectotherms decreases. Significant differences between the metabolic rate of individuals exposed to suboptimal condition and normoxia were observed only at 20°C (from 25 mg O 2 /kg/h in hypoxic condition to 60 mg O 2 /kg/h in normoxic condition). At this temperature, the metabolism of individuals exposed to suboptimal condition was markedly lower than in normoxia suggesting the existence of an oxygen concentration threshold.
Implications for European sturgeon embryonic development in the GGD basin
As with most fish species, A. sturio's breeding period depends on temperature. Breeding occurs later in the northern than in the southern parts of the range (Magnin 1962) . Observations performed in GGD basin show a mean surface water temperature close to 20°C (min = 11.5°C; max = 27.2°C) and a mean oxygen saturation close to 90% O 2 sat (min = 44.5% O 2 sat; max = 111.4% O 2 sat) during the natural breeding period (May-June) of this species (MAGEST 2011) . According to the different thresholds obtained in this study, we counted the number of days with daily mean temperature and oxygen within the tolerance range of the species during the 2 months (May and June) of its breeding period (Fig. 8) .
Every year within the 1993-2011 period (Fig. 8) , we observed a favourable period in terms of temperature and oxygen levels measured in the Gironde-Garonne-Dordogne catchment during the European sturgeon's breeding period. However, the size of this favourable window between too cold and too hot temperatures is limited (median 55%, min 10%, max 100%). These conclusions are consistent with those of Lassalle et al. (2010) , who used large-scale analysis to evaluate the sustainability of the Garonne River until 2100. Actually, the low and high temperature conditions measured in 2003 led to the narrowest favourable window observed in the GGD during the analysed period for A. sturio embryonic development. The hypoxic events observed (2005 8 days, 2006 22 days and 2007 1 day) did not reduce the favourable temperature window as they correspond also to unfavourable temperature.
In the face of an imminent temperature rise due to global warming, there are two ways in which the reproduction process of European sturgeon may change. The first one is that the breeding period could occur earlier than reported for the previous periods similar to their southern breeding area (Magnin 1962) . From the macroanalysis conducted with plant and animal data sets by Menzel et al. (2006) , it appears that a phenological response would be as important as an advance of 15 days (2.5 days decade −1 ). According to a previous study (Delage et al. 2014 ), this hypothetical response would have a limited effect on the survival of this species in the Gironde-Garonne-Dordogne basin, since juveniles are less sensitive 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 ProporƟon of the spawning season (%)
Year than early life phases to temperature and oxygen variations. The other possibility is that the European sturgeon breeding period will remain unchanged. In this case, sturgeon early life phases would be subjected to higher temperatures and more intense or frequent hypoxic events than today. Development and hatching of young phases would be impacted, thus limiting recruitment and survival of the last remaining population of Acipenser sturio in the GGD basin. In both cases, global warming may have also indirect effects of sturgeons (availability of food, interaction with pollutants, maturation of adults). In addition to distribution changes, biological interactions and their consequences at the ecosystem level remain a key question.
According to Lassalle et al. (2010) , the current European sturgeon repartition area could shift North in order to find conditions more suitable to their survival.
